Introduction
The continuous release of contaminants through various industries into the environment is one of the major causes of pollution and destabilization of ecosystems. Among different industries, the textile dye industry discharges a considerable amount of colored wastewater to the environment during dyeing processes Pilon-Smits, 2005 ) and its effluents contain many recalcitrant and ecotoxic contaminants (Ali, 2010) . Several physicochemical techniques have been reported to effectively mineralize different dyes, but these methods entail large costs for remediation of polluted environments . In contrast, biological treatments present a relatively inexpensive, effective, and ecofriendly way to remove dyes from wastewaters Rauf and Salman Ashraf, 2012; Solís et al., 2012) . In bioremediation/biodegradation processes, the metabolic potential of different microorganisms such as bacteria (Ölmezoglu et al., 2012; Gür et al., 2014) , yeasts (Dönmez, 2002) , fungi (Verma et al., 2010; Yeşilada et al., 2014) , and algae (Khataee et al., 2010 (Khataee et al., , 2011 are used to degrade a wide variety of pollutants.
Phytoremediation is a newly evolving field of science and technology that uses plants to clean up polluted sites. This technology has been receiving attention lately as an innovative, cost-effective alternative to the more conventional water treatment methods (Paterson et al., 1990; Susarla et al., 2002; Pilon-Smits, 2005) . Among different plant species, members of the family Lemnaceae have been widely used in ecotoxicological research as model organisms. Lemna species have many advantages, including a simple structure and morphology, small size, rapid growth rate, ease of cultivation, and sensitivity to a wide range of pollutants (Böcük et al., 2013; Zezulka et al., 2013) .
Induction of oxidative stress and the related formation of reactive oxygen species (ROS) are frequent results of environmental stressors (Halliwell, 2006; Suzuki et al., 2012) . Hence, in the presence of different classes of pollutants like herbicides, organic matters, and heavy metals, plants require an efficient protection system for ROS detoxification and metabolism or degradation of pollutants. Stimulating antioxidant enzymes such as peroxidase (POD), catalase (CAT), and superoxide dismutase (SOD) can be regarded as a response to enhanced cellular ROS concentration. Alternatively, these enzymes may participate in the initial modification of organic contaminants (Geoffroy et al., 2004) . Therefore, the present study is focused mainly on the potential of Lemna minor as a phytoremediator of triarylmethane malachite green (MG) and on the changes in some physiological parameters, including growth, photosynthetic pigment content, and activity of some major antioxidative enzymes (including POD, CAT, and SOD) that can be involved in plant resistance to dye and/or its metabolism. The effects of the experimental parameters (initial dye concentration, pH, temperature, and amount (weight) of plant) on bioremediation efficiency were determined. Moreover, a MG biodegradation process was identified from adsorption by reusability experiments; some possible byproducts were recognized and characterized using gas chromatographymass spectrometry (GC-MS).
Materials and methods

Plant material and growth conditions
Plant materials were collected from small streams in Gasemlou Valley (approximately 80 km south of Urmia) in northwest Iran and were cleaned using distilled water to remove particles and unwanted organisms from their roots and shoots. Plants were acclimatized for 1 week in 25% Steinberg nutrient solution (Steinberg, 1946) Decolorization experiments were carried out in a 250-mL Erlenmeyer flask containing the synthetic dye solution. The flask was placed in 25 °C and a 16/8 h light/dark photoperiod. Dye removal efficiency (%) was expressed as the percentage ratio of decolorized dye concentration to that of the initial condition.
The decolorization experiments were carried out with different initial dye concentrations (5-40 mg/L), pH values (5-9), temperatures (5-25 °C), and initial plant weights (0.5-2 g) to assess the optimal efficiency of dye removal. The initial pH of the dye solution was adjusted using diluted KOH and H 2 SO 4 solutions and was measured by pH meter (654 pH meter Metrohm, Switzerland). The temperature was kept constant in the incubator (Sanyo, Ogawa Seiki Co., Japan) during the experiments. All experiments were performed in triplicate and the results are expressed as mean values. 2.3. Physiological analysis 2.3.1. The growth rate The relative frond number (RFN) has been used to express duckweed test results as it provides a better indicator of potential toxicity. RFN was calculated using Eq. (1) (Mitsou et al., 2006) : RFN = [(frond number at day n -frond number at day 0)/frond number at day 0]
(1) where n = 0, 4, 8, 12, 16, 20. Relative growth rate (RGR) was calculated on the basis of increase in fresh weight (FW) after 20 days of experimentation using Eq. (2) (Radic et al., 2010) :
(2) 2.3.2. Photosynthetic pigments content Plant photosynthetic pigments content (chlorophyll a and b and total carotenoids) was measured spectrometrically at 470, 662, and 645 nm using equations described by Lichtenthaler (1987) after extraction from leaves with 100% acetone.
Enzyme activity assay
The plants were subjected to 10 and 20 mg/L MG in the nutrient solution for 4 and 7 days to investigate the effect of the dye on antioxidant enzyme activity compared with a control. To obtain the crude extract, 0.166 g of fresh plant tissue was homogenized in 0.1 mol/L phosphate buffer solution (pH 7) containing 1% polyvinylpyrrolidone. The homogenates were centrifuged at 5000 rpm for 15 min at 4 °C and the resulting supernatants were used for enzyme activity and protein content assays.
SOD activity was assayed by measuring the inhibition of photochemical reduction rates of nitro blue tetrazolium (NBT) by plant extract (Winterbourn et al., 1976) . The reaction buffer contained 67 mmol/L potassium-phosphate buffer solution (pH 7.8), 1.5 mmol/L NBT, 0.12 mmol/L riboflavin, and a suitable aliquot of enzyme extract. The reaction mixture was illuminated for 15 min at a light intensity of 5000 lux. The absorbance was measured at 560 nm. SOD activity is equal to the amount of NBT reduction in light without protein minus the NBT reduction with protein, and is expressed as units per mg protein. One unit of activity is the amount of enzyme required to inhibit 50% of the initial reduction of NBT under light conditions. The activity of POD was determined using the method reported by Chance and Maehly (1955) . The reaction mixture contained 0.1 mol/L citrate-phosphate-borate buffer (pH 7.5), 15 mmol/L guaiacol, 3.3 mmol/L H 2 O 2 , and 25 µL of enzyme extract. The increase in absorbance at 470 nm during polymerization of guaiacol to tetraguaiacol was recorded for 3 min. The activity was calculated using the extinction coefficient of 26.6 mM -1 cm -1 for guaiacol. CAT activity was measured by following the dismutation of H 2 O 2 at 240 nm for 3 min using the UV absorbance method. The reaction mixture contained 1.50 mL of 100 mmol/L citrate-phosphate-borate buffer solution (pH 7.5), 50 μL of enzyme extract, and 13 μL of 10 mmol/L H 2 O 2 . The amount of enzyme for dismutation of 1 µmol/L H 2 O 2 per min was expressed as one unit. The extinction coefficient for H 2 O 2 at 240 nm was considered 39.4 mM -1 cm -1 (Obinger et al., 1997) . Protein content was determined according to the method of Bradford (1976) using bovine serum albumin (Sigma Aldrich) as a standard protein.
Reusability of plant and GC-MS analysis
Duckweed's ability to continuously remove MG was investigated using the same plants in the experiment with four repeated runs. In order to recognize and characterize the possible byproducts of the dye biodegradation, 250 mL of nutrient solution containing 10 mg/L MG treated with 2 g of the plant for 4 days was used. Extraction of organic compounds from the solution was carried out three times, using 30 mL of diethyl ether each time. The collected organic solution was evaporated and the remaining solid was dissolved in 100 µL of N,O-bis-(trimethylsilyl) acetamide at a temperature of 60 °C and stirred for 15 min. The resulting silylated products were then analyzed by GC-MS.
For GC-MS analysis, an Agilent 6890 gas chromatograph with a 30 m × 0.25 mm HP-5MS capillary column coupled with an Agilent 5973 mass spectrometer (Agilent Technologies, USA) operating in EI mode at 70 eV was used with the following temperature program: 50 °C for 4 min, increase by 8 °C min -1 up to 300 °C, and hold time 4 min. The temperatures of the inlet, transfer line, and detector were 250, 250, and 300 °C, respectively.
Statistical analysis
Data with three replicates were statistically analyzed by one-way analysis of variance with a Tukey-Kramer multiple comparisons test using software from GraphPad (GraphPad Software, Inc., USA).
Results and discussion
Effect of operational parameters on dye removal process
The dye solution absorption process, like other ion absorption processes, is dependent on different biotic and abiotic factors such as plant biomass, pH, temperature, and initial dye concentration.
In order to assess the effect of different initial biomass of the plant on dye removal efficiency, a comparative study with different initial plant biomasses (0.5-2 g) was performed ( Figure 1a) . The initial concentration of MG and pH were kept constant at 10 mg/L and 7, respectively. Dye removal was enhanced by increasing the amount of plant; this could be due to the fact that increasing amount of plant provides more surface area for sorption of the dye molecules (Khataee et al., 2010 (Khataee et al., , 2012 .
The initial dye concentration can influence the efficiency of the biological treatment process due to causing toxicity or interference in substrate recognition of the enzymes (Pearce et al., 2003) . To examine the effect of initial dye concentration on decolorization efficiency, Steinberg culture medium was prepared and treated with different concentrations of MG (5-40 mg/L). Consequently, the biological decolorization efficiency decreased with an increase in the initial concentration of MG (Figure 1b) . The result was in concurrence with previous reports (Wang et al., 2009; Torbati et al., 2014) . Conversely, the absolute quantity of removed dye was enhanced by increasing the initial dye concentration. For example, at the reaction time of 5 days, the absolute quantities of removed dye were 3.98 and 13.48 mg/L, respectively. This difference could be due to physical contact between the dye molecules and root surface of the plant, allowing the mass transfer resistance to be overcome with an increase in dye concentration (Daneshvar et al., 2007; Khataee et al., 2010) .
It is well recognized that pH can influence plant growth and activity by affecting mobility and availability of ions (Jacobson et al., 1962) . According to Figure 1c , dye removal efficiency increased as the pH of the dye solution increased. Dye uptake was probably reduced at low pH values due to increased competition between H + ions and the cationic MG. On the other hand, the carboxylic groups of the plant cell walls in alkaline pH levels possessed negative charges; thus, the absorption of cationic MG via electrostatic attraction force was enhanced.
Temperature is another key parameter that appears to have important roles in the plant activities. Temperatures ranged from 5-25 °C at an initial dye concentration of 10 mg/L. As shown in Figure 1d , the decolorization efficiency increased with rising temperatures. These findings are compatible with those reported by Çetinkaya Dönmez et al. (1999) and Daneshvar et al. (2007) . It could be due to the reduction of plant membrane permeability and, consequently, the reduction of water absorption and water-soluble molecules in low temperatures (Vafaei et al., 2013) . On the other hand, the optimum temperature for most biochemical processes is 25-30 °C.
Effect of MG on growth of plant
Growth parameters in terms of RFN and RGR were used as a scale for the effects of contaminants on Lemna species. (Figure 2b ). RFN was decreased as well in these two concentrations of dye (58.3% and 85%, respectively). RFN parameter also was not significantly affected by 10 mg/L MG (P > 0.05) ( Figure  2a) . Therefore, it can be concluded that high concentrations of MG (20 and 40 mg/L of MG) have notable negative effects on plant growth. The same effect was encountered with high concentrations of Brilliant Blue R special, which was reported to be a strong inhibitor of growth of L. minor (Cleuvers and Ratte, 2002) .
Effect of MG on photosynthetic pigments content
Pigment content was determined after 7 days of plant exposure to 10 and 20 mg/L MG. According to the results, the amounts of chlorophyll a (Ca), chlorophyll a+b (Ca+b), and carotenoids (Cx+c) were significantly decreased after 7 days of exposure in two concentrations of the contaminant. Therefore, it can be deduced that MG inhibited biosynthesis of the mentioned pigments or favored their breakdown. Moreover, declining photosynthesis capacity under dye stress conditions may be a protective response to limit ROS production in chloroplasts. In contrast, chlorophyll b (Cb) content was considerably increased: by 16% and 12.3% at 10 and 20 mg/L of MG, respectively (Figure 3) .
Enzymatic analysis
During phytoremediation processes, different plant enzymes (especially oxidoreductases) act on specific recalcitrant pollutants to remove them by precipitation or transformation to other products (Aubert and Schwitzguébel, 2004; Schröder et al., 2008; Husain, 2010) . Thus, stimulation of the activity of antioxidant enzymes such as SOD, POD, and CAT can be regarded as a response to enhanced cellular ROS concentration in order to increase plant resistance to oxidative stress. SOD neutralizes reactive superoxide radicals to hydrogen peroxide, which is detoxified by other antioxidative enzymes such as CAT and POD (Radic et al., 2010) . According to Figure 4a , after 4 days of 20 mg/L MG treatment, plant SOD activity was significantly enhanced (up to 1.7 times). The remarkable induction of SOD activity might reflect an enhanced superoxide radical production after treatment by 20 mg/L of MG. Conversely, at 10 mg/L of MG there was no significant difference in SOD activity compared with the control (P > 0.05). Moreover, after 7 days of exposure to both concentrations of the contaminant, plant SOD activity was notably reduced compared to its activity on day 4. It seems that SOD activity was reduced on day 7 due to the reduction of MG concentration after completing each experiment.
POD activity showed a similar pattern to the SOD activity (Figure 4b) . No significant changes were found in its activities after 4 and 7 days of treatment with 10 mg/L of MG. Apparently, the status of produced ROS at 10 mg/L of the dye was not sufficient to induce SOD and POD activities; the plant possibly limits its activities or may employ other strategies to survive and/or to tolerate low concentrations of MG. In contrast, at high concentrations of MG, POD activity increased by up to 11.8% (compared to the control after 4 days) (P < 0.05). Subsequently, a notable reduction in POD activity was found after 7 days of exposure to 20 mg/L MG (compared with the control plant and its activity on day 4) (P < 0.001). Improved POD activity at high concentrations of MG after the augmentation of SOD activity probably reflects the high demand for detoxification of produced H 2 O 2 .
As shown in Figure 4c , CAT activity was increased by 65.5% at 10 mg/L MG (P < 0.001), but there were no significant changes in its activity compared to the control after 4 days of treatment with 20 mg/L MG. The decline in CAT activity at high concentrations of MG might be due to the inhibition of enzyme synthesis or a change in the assembly of enzyme subunits at 20 mg/L MG. 3.5. Reusability of L. minor and analysis of biological degradation compounds Dyeing and textile factories continuously discharge different amounts of xenobiotics into the environment. Therefore, the potential for eliminating continuous dye addition has been considered an important criterion for selecting capable plants for phytoremediation. To investigate this ability, a dye removal experiment with four repeated runs was performed using the same plant and the results are shown in Figure 5 . During four repeated runs, L. minor approximately showed the same decolorization efficiency after 32 days as in the first run (first 7-day period) without any notable macroscopic changes in the plant biomass.
Subsequent to the uptake of different contaminants, plants store the contaminants in cellular structures or degrade them by enzymatic systems to metabolites or finally to CO 2 (deep oxidation) and water, depending on their structure and hydrophilicity (Paterson et al., 1990; Chacko and Kalidass, 2011) . According to the results of reusability studies, L. minor possessed reasonable reusability in repetitive decolorization operations. Consequently, it can be concluded that the treatment of MG solution by the plant is a biological degradation process. In support of this conclusion, 8 intermediate compounds resulting in a MG biodegradation pathway were identified by employing GC-MS analysis. In a GC-MS spectrum comparison among the dye solutions, the exudates and compounds produced by the plant in the solution 7 days after the experiment exhibited new peaks at 19.6, 12.43, 36, 6.28, 7.37, 5.34, 4.13, and 3 .02 min, corresponding to the 8 compounds introduced in Table  2 . The constituents were identified by matching their spectra with those of the reference compounds in the mass library (Wiley 7n). Byproduct 1 can be postulated to be formed via the detachment of dimethyl aniline. In continuance, the cleavage of the C-C bond and detachment of benzaldehyde can lead to the formation of compound 2. Compounds 3, 4, 5, 7, and 8 can be assumed to be formed by detachment of dimethyl amino group and the formation of several C-C bonds. Compound 6 can be created via hydroxylation of the benzene group. Consequently, the corresponding compounds can be converted into the CO 2 and H 2 O (deep oxidation). It is to be noted that some byproducts could not be detected due to the limitations associated with the analytical technique employed.
The obtained results confirmed the considerable potential of L. minor for up to 88% bioremediation of MG. Dye removal efficiency was dependent on some biotic and abiotic parameters, such as initial plant biomass, the reaction time, initial dye concentration, pH, and temperature. The content of chlorophyll a, chlorophyll a+b, and carotenoids was significantly reduced at 10 and 20 mg/L of the dye. The activities of superoxide dismutase and peroxidase were remarkably increased at high concentrations of the contaminant in the plant, verifying their importance in plant tolerance to the dye contamination. CAT activity was significantly enhanced by 10 mg/L MG. High concentrations of the contaminant inhibit CAT enzyme synthesis or change the assembly of enzyme subunits; the plant uses other detoxifying enzymes in that situation. Eight intermediate compounds produced in a biodegradation pathway were observed using GC-MS analysis.
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